We evaluated the role of sewage as a resource for the littoral food web of the fluvial St. Lawrence River near Montreal, Quebec. Stable isotope analysis indicated that macroinvertebrate primary consumers were feeding on local epiphytic production at sites outside the sewage plume, but shifts in δ 15 N of primary and secondary consumers revealed a substantial uptake of sewage-derived resources within the plume, up to 10 km from the outfall. Daily secondary production of macroinvertebrates was 1.8-to 4.1-fold higher at sewage-enriched sites, and the fraction of this production attributable to larval Chironomidae increased from 46% (outside the plume) to 85% (at sewage-enriched sites). Sewage enrichment also stimulated increases in daily fish production based on algivory-detritivory (1.3-to 4.4-fold), invertivory (1.7-to 10-fold), and piscivory (11-to 73-fold). We estimate a daily flux of 13 tonnes of sewagederived particulate matter, 184 kg of total nitrogen, and 13 kg of total phosphorus into the food web over 1.2 km 2 of the littoral zone within 10 km of the outfall. These values represent no more than a few percent of the total daily discharge of sewage-derived resources but were sufficient to support an overall fivefold increase in secondary production relative to sites outside the plume.
Introduction
River ecologists have developed a small but powerful body of general theory, central to which is the overriding importance of longitudinal (upstream-downstream) and lateral (watershed-river) connections. These connections interact with physical forces that change along the course of a river, producing a continuum of morphological and hydrological features. The result is a shift in the relative importance of basal resources, from allochthonous litterfall in headwater streams to autochthonous producers in midsized rivers (Vannote et al. 1980) . The metabolism of larger rivers is dominated by fine particulates transported in the main channel, although autochthonous production in the littoral zone and allochthonous inputs from riparian vegetation and floodplains are energetically more important to higher trophic levels Delong 1994, 2002) .
Most of the world's large rivers are influenced to some extent by human activities and this often includes substantial pollution with sewage (Meybeck and Helmer 1989) , but the role of sewage as a resource in river food webs is frequently overlooked. Previous work on sewage in rivers has tended to focus on nuisance blooms of algae or on systems so heavily enriched that hypoxia is a dominant environmental factor. In most cases, however, the rate of sewage loading does not exceed the capacity of the river to maintain sufficient dissolved oxygen for metazoan life. Adequate dilution (high river discharge relative to sewage loading) and strong vertical mixing protect large rivers from these negative effects and permit the biota to exploit sewage nutrients and organic matter. Even in rivers that do experience severe oxygen depletion, biochemical oxygen demand is eventually satisfied, and the response of downstream biota to sewage enrichment is not constrained by hypoxia.
We studied the role of sewage in the littoral food web of a large, temperate river. The municipal wastewater treatment plant of Montreal, Canada, has been discharging >450 tonnes (t) of phosphorus, >8000 t of nitrogen, and >90 000 t (wet weight) of particulate organic matter (POM) annually into the St. Lawrence River since 1988 (Purenne 2001) . High current speeds and strong vertical mixing prevent deoxygenation and net sedimentation in this reach of the river, so the primary effect is sustained enrichment with dissolved nutrients and POM. We used stable isotope analysis to identify sites enriched by sewage, and we evaluated the degree to which sewage-derived resources are assimilated by the biota of the river, increasing production of fish and macroinvertebrates.
Materials and methods

Study system
The St. Lawrence River is a large, fast-flowing, temperate river with a constrained channel. At the Island of Montreal, the river has two distinct, adjacent water masses: the clear, hard, "green water" of the Great Lakes (80% of the total discharge) and the humic, soft, "brown water" of the Ottawa River (St. Lawrence Centre 1996) . Neither water mass has high nutrient levels (dissolved P < 30 µg·L -1 ; dissolved N < 0.5 mg·L -1 ), and neither is very productive (median summer chlorophyll a < 2.5 µg·L -1 ) (Hudon and Sylvestre 1998) . Flow rates are typically 1-2 m·s -1 in the main channel, and net sedimentation of suspended material is restricted to the deepest areas outside the main channel. Permanent deposition is a small component of the suspended solids budget of this river (Carignan and Lorrain 2000) .
The Montreal Urban Community (MUC) wastewater treatment plant is a primary treatment facility serving 1.8 million people and 8000 commercial establishments on the Island of Montreal (Pham et al. 1999; Purenne 2001) . Wastewater is treated to promote coagulation, passed through settling ponds (2-3 h, reducing suspended solids by 85%), and discharged directly into the St. Lawrence River via an underwater pipe at a depth of 7 m. Effluent is discharged at an average rate of 2 × 10 6 m 3 ·day -1 and contains approximately 100 mg·L -1 POM (wet mass, WM), 0.5 mg·L -1 total phosphorus, and 9 mg·L -1 total nitrogen (Purenne 2001 ). This discharge contributes 450 t·year -1 total phosphorus, 8000 t·year -1 total nitrogen, and 90 000 t·year -1 (WM) sewage-derived particulate organic matter (SDPOM) to the waters of the St. Lawrence River (Purenne 2001) .
Lateral mixing in this reach of the St. Lawrence is minimal. The MUC wastewater is discharged into the middle of a narrow mixing zone between the two water masses and seems to widen very gradually downstream (Boulanger 1984) . However, the discharge rate of wastewater has increased from 5 m 3 ·s -1 to 30 m 3 ·s -1 since Boulanger's study was conducted, and the current extent of the plume is not well known.
Sample sites
We studied 12 sites in the fluvial St. Lawrence River downstream of the Island of Montreal, Quebec, Canada (Fig. 1) . All sites were shallow (<2.5 m) and had sand-clay sediment. Three sites were known to be in the discharge plume of the municipal wastewater treatment plant, within 10 km of the outfall. Four were clearly reference sites, hydrodynamically isolated from the plume. The rest were downstream of the outfall and of unknown exposure, but stable isotope analysis (described below) indicated that there was no sewage influence at these downstream sites, and they are hereafter referred to as "reference" sites. It is important to note that all of these reference sites serve as a reference only with respect to Montreal's sewage. Most probably receive other sources of anthropogenic nutrients (e.g., sewage from local communities or far upstream, agricultural runoff); we consider this to be background noise against which we attempt to detect the influence of Montreal's sewage.
The sewage effluent has a higher conductivity than the receiving water, permitting a rough estimation of effluent concentration in this area (see also Pham et al. 1999) . Effluent (723 µS·cm -1 in June-August 2000; Purenne 2001) is discharged into the mixing zone between the green (280 ± 6.1 µS·cm -1 , n = 17) and brown (134 ± 20.1 µS·cm -1 , n = 14) water masses. Upstream of the outfall, this mixed water has a conductivity of 265 ± 2.7 µS·cm -1 (n = 7). The sewageexposed sites all have higher conductivity than this (Île SteThérèse, 278 ± 13.7 µS·cm -1 (n = 3); Îles Robinet, 277 ± 1.9 µS·cm -1 (n = 4); Îlet Vert, 276 ± 1.2 µS·cm -1 (n = 3)), and conductivity declines to the north and south of all three sites, so this higher conductivity does not simply reflect a greater influence of Great Lakes (green) water. These conductivity values indicate a consistent contribution of about 3% sewage by volume at these sites.
The three sewage-exposed sites varied in abundance of submerged macrophytes from about 10% to about 60% cover. We therefore selected reference sites to represent a gradient of submerged macrophyte cover that encompassed the variation among sewage-exposed sites, from about 5% to over 80% cover. Thus, our sites represent a wide gradient of physical structure and surface area for epiphytic primary production. Submerged vegetative cover was quantified on each visit after seining was completed: the entire seined area (to a depth of about 2.5 m) was inspected both by wading and from the boat, the area was mapped out and divided into zones with similar cover (e.g., dense weedbeds, scattered bunches of tall plants), and the percent cover of each zone was estimated visually. Vegetative cover changed little over the months between sampling dates, and we use the mean value in all analyses.
Sampling
We collected fish and invertebrates on two visits to each site between 17 July and 7 September 2000. Fish were captured with a 40 m × 2 m seine (0.5-cm mesh) deployed from the boat in a semicircle (open side facing land), which was then closed and drawn in to shore. At least three seine hauls were taken on each visit, 50-100 m apart and successively upstream. One or two additional hauls were taken if low numbers of fish were obtained. The seined area was calculated from the shape of the deployed net (mean area per haul = 320 m 2 ). Five to 10 individuals of each species per visit (or as many as were available) were sacrificed and frozen for gut content and stable isotope analysis. All other fish were measured before release, and their wet weights were calculated using length-mass relationships derived from sacrificed fish. Gut contents (total n = 622) were quantified as percent volume.
Benthic invertebrates were collected on the same two visits to nine of these sites (all three sewage-exposed sites and six reference sites), using a D-frame net (0.5-mm mesh) to scoop up 0.25-m 2 grab samples of surface sediment and overlying vegetation. Replicate samples were taken in dense weedbeds (two samples, typically -1 m deep) and in relatively bare areas (two samples each at 0.5-m and 1-m depths). Invertebrates were removed from each sample under a dissecting microscope, sorted into three size classes within each taxon, dried in preweighed tin capsules, and weighed.
Invertebrates for stable isotope analysis were sorted from grab samples within a few hours of collection.
Sewage-derived particulate matter was collected at the wastewater treatment plant on 27 June, 21 July, and 11 August 2000. Suspended particulate matter was collected in the two water masses adjacent to the plume eight times between 24 July and 7 September 2000. Particulate matter was collected on precombusted Whatman GF/C filters and stored at -20°C until processing. Epiphytes were collected by shaking several macrophytes in a plastic bottle with a small amount of river water. The resulting suspension was filtered through a 0.5-mm screen, inspected carefully for invertebrates and plant fragments, and stored at -20°C until processing.
Stable isotope analysis
Invertebrates for stable isotope analysis were held alive for a few hours to allow gut clearance, stored at -20°C, and subsequently dried for 48 h at 70°C. Whole invertebrates (5-10 per taxon) were pulverized and subsampled for analysis. Frozen fish were dissected to obtain a piece of dorso-lateral muscle tissue. Particulate matter was recovered by scraping the surface of the glass-fibre filter after drying. δ 13 C and δ 15 N were determined on a mass spectrometer at the G.G. Hatch Isotope Laboratory, University of Ottawa.
Secondary production
We estimated secondary production (P MD ) of each size class of each invertebrate taxon using the growth equations of Morin and Dumont (1994) and the measured mean body mass of each size class. Total production was then calculated for macroinvertebrate carnivores (Odonata, Hydracarina, and Notonectidae) and macroinvertebrate primary consumers (all other taxa). We assumed that dry mass is 20% of wet mass.
We estimated secondary production for each fish species at each site using growth increment summation (P GIS ) and instantaneous growth rate (P IGR ) methods (Rigler and Downing 1984) . All fish masses were first corrected to a standard date by the following method to account for differences in sampling date among sites. Each fish was assigned to an age class based on inspection of size-frequency distributions of pooled data for each species. Linear regression was used to describe the relationship between log mass and date for each age class of each species. The slope of this line was then used to project the mass of each individual fish in that age class backward or forward to 1 August, removing any bias toward larger fish at sites that were sampled later in the season.
Growth increment summation estimates the total biomass added to each age class over the previous year by linear interpolation of numerical density between adjacent age classes. When no members of an age class were captured at a site, the mean age-class mass was replaced with the mean for that species at all other sites. The instantaneous growth rate method estimates the biomass added to each age class on a single day (1 August). These two production-estimation methods ultimately rely on the same biomass data but estimate the rate at which that biomass is elaborated in different ways. Thus, each method includes a unique component of information from the data, and each speaks to a different aspect of fish production: total annual P GIS , or (approximately) maximum, midsummer P IGR .
Total production based on piscivory was calculated by multiplying the production of each age class of each species by the proportion of its diet consisting of fish, then summing these products over all age classes of all species. Diet composition was considered separately for sewage-exposed and reference sites. Total production based on invertivory and on algivory-detritivory was calculated in a similar manner. Consumption rates for each trophic level were estimated by assuming conversion efficiencies (CE) of 45% for macroinvertebrate carnivores (Benke 1996) , 15% for macroinvertebrate primary consumers (assuming that basal resources are a mixture of algae (CE = 25-30%; Elser et al. 2000) and detritus (CE = 2%; Benke 1996)), 5% for algivorous-detritivorous fish, 10% for invertivorous fish, and 15% for piscivorous fish (Trudel et al. 2001; Pazzia et al. 2002) .
Fluxes of sewage-derived resources
The areal flux of basal resources into the littoral food web at each site (g WM·m -2 ·year -1 ) was back-calculated from areal production at each trophic level (Ney 1990 ). The areal flux of sewage-derived resources was then calculated for the three sewage-exposed sites. It was assumed that sewagederived resources supported all secondary production in excess of that observed at reference sites of comparable vegetative cover (interpolated from a regression of secondary production versus vegetative cover for reference sites only).
The areal fluxes of sewage-derived nutrients (g N or P·m
-2 · year -1 ) were then calculated from the estimated percent nitrogen and percent phosphorus in these basal resources (estimates described below).
The total mass flux of sewage nutrients into the littoral food web in our study reach (g N or P·year -1 ) was calculated as the product of area of littoral zone in the sewage plume (within 10 km of the outfall) and the areal flux of sewagederived nutrients, weighted for the distribution of macrophyte cover in this area. The area of littoral zone in this section of the plume was estimated using the 2.5-m depth contour on hydrographic charts.
Statistical analysis
All means are reported ±1 standard deviation. Where values were estimated from regression equations fit to our data, we used the model standard error of estimate to calculate the standard deviation of each estimated value. Analysis of covariance (ANCOVA) was used to test for effects of vegetative cover (continuous), sewage exposure (categorical), and their interaction on secondary production of each trophic group. We used α = 0.05 for all ANCOVA and regression analyses, but because our sample size was limited, and thus our power to detect weak patterns was likely low, we report and discuss a few trends in the data that exceeded this value. Spatial correlograms with Moran's I statistic were used to test for spatial autocorrelation among our study sites (Legendre and Legendre 1998) . We tested for spatial autocorrelation of vegetative cover among all 12 sites, but for other variables (stable isotope signatures and production estimates), we separated sewage-enriched from reference sites to meet the intrinsic assumption (Legendre and Legendre 1998, p. 718) . We used six distance categories for each variable and, therefore, six significance tests against a Bonferroni-corrected alpha. All production estimates were log-transformed to stabilize residual variance.
Results
Stable isotope analysis δ 13 C of macroinvertebrate primary consumers was highly variable within and among reference sites (-17.6 ± 2.6‰; Fig. 2 ), whereas δ 15 N was much more consistent (+8.6 ± 0.7‰; Fig. 2 ). The isotopic signatures of all three taxa spanned a similar range at these sites indicating an overall dietary δ 13 C that varied among sites but a relatively constant dietary δ 15 N (assuming a similar trophic fractionation shift among taxa). Potential resources at reference sites include seston from the Ottawa River (δ 13 C = -25.9 ± 1.6‰, δ 15 N = +4.9 ± 0.2‰, atomic C:N = 8.6 ± 1.0; n = 7) and Great Lakes (δ 13 C = -20.1 ± 0.7‰, δ 15 N = +4.5 ± 0.2‰, atomic C:N = 8.1 ± 0.7, n = 8) water masses and epiphytic biofilm (δ 13 C = -15.8 ± 3.8‰, δ 15 N = +6.6 ± 0.9‰, atomic C:N = 8.5 ± 0.8, n = 9). These materials have similar C-N ratios and thus are all likely to have trophic fractionation shifts of about +2‰ (Adams and Sterner 2000) . The overall diet of macroinvertebrate primary consumers at the reference sites therefore has a δ 13 C between -24‰ and -11‰ and a δ 15 N of about +6.6‰ (approximately the isotopic signature of epiphytic biofilm).
Sewage-derived POM (SDPOM; δ 13 C = -21.2 ± 0.7‰, δ 15 N = -1.3 ± 1.3‰, atomic C:N = 7.4 ± 0.8, n = 6) was within the range of the non-sewage resources in δ 13 C but was substantially lighter in δ 15 N (a 7.9‰ difference) than the inferred diet of primary consumers at reference sites. Epiphytic resources at the sewage-exposed sites (δ 13 C = -18.8 ± 2.5‰, δ 15 N = +0.8 ± 2.0‰, atomic C:N = 7.0 ± 1.6, n = 5) were also shifted to lighter values of δ 15 N, but this was at least partly due to a visible accumulation of attached SDPOM.
Isotopic signatures of macroinvertebrate primary consumers at the three sewage-exposed sites were shifted toward that of SDPOM. Regression of δ 15 N versus δ 13 C of sewageexposed primary consumers was highly significant (r 2 = 0.45, F [1, 20] = 16.6, p = 0.0006), suggesting that these invertebrates are assimilating sewage-derived carbon and nitrogen in similar proportions (i.e., as SDPOM). The regression equation (δ 15 N = 0.82·δ 13 C + 17.8‰), solved for the δ 13 C of SDPOM, indicated a trophic fractionation value of +1.8‰ for invertebrates consuming a diet of 100% SDPOM, consistent with the predictions of Adams and Sterner (2000) for such an N-rich resource. The observed shifts in δ 15 N of macroinvertebrate primary consumers at the enriched sites (∆δ 15 N versus the mean δ 15 N at reference sites) did not vary monotonically downstream but decreased linearly with increasing submerged vegetative cover (VC) at the site (r 2 = 0.62, F [1, 24] = 39, p = 0.000002; mean ∆δ 15 N = 6.6‰ at 15% VC, 4.9‰ at 30% VC, and 2.9‰ at 60% VC). No shift in δ 15 N was observed at any other site. δ 15 N of higher consumers at the three sewage-exposed sites was also shifted toward that of SDPOM (Fig. 3) . Macroinvertebrate carnivores (odonates, notonectids, and mites) were 3.2‰ lighter in δ 15 N (t 48 = 7.62, p < 0.00001) at sewage-exposed (δ 13 C = -17.5 ± 1.1‰, δ 15 N versus δ 13 C of macroinvertebrate primary consumers at sewage-exposed (solid symbols) and reference (open symbols) sites on the St. Lawrence River. Taxa are Amphipoda (circles), Chironomidae (triangles), and Trichoptera (squares). Potential epiphytic resources at sewage-exposed (×) and reference (+) sites are also shown. Potential sestonic resources (boxes, ±1 standard deviation) are particulate organic matter (POM) from the Montreal Urban Community wastewater treatment plant (SDPOM, sewage-derived particulate organic matter) and upstream of the outfall in the Great Lakes and Ottawa River water masses. 
Secondary production
Larval Chironomidae contributed 46% of the total production of benthic macroinvertebrates (P MD ) at reference sites and 85% at sewage-exposed sites. Amphipods (Gammarus fasciatus) and snails (of the genera Amnicola, Bithynia, Ferrissia, Gyraulus, Helisoma, Physa, Pseudosuccinia, Stagnicola, and Valvata) were also abundant, and these three taxa accounted for >80% of P MD at both reference and sewageexposed sites. The taxa dominating production in each trophic group are listed in Table 1 .
Total P MD of macroinvertebrates was 169 ± 58 mg WM· m -2 ·day -1 (range 76 to 237) at reference sites and 457 ± 133 mg WM·m -2 ·day -1 (range 318 to 583) at sewageexposed sites. ANCOVA revealed a significant main effect of sewage exposure on P MD of macroinvertebrate primary consumers (F [1, 6] = 13.5, p = 0.010; Fig. 4 ) but no main effect of vegetative cover nor an interaction effect. Macroinvertebrate carnivores accounted for 1.6% of total P MD at reference sites and 0.25% of total P MD at sewage-exposed sites. ANCOVA revealed no effect of sewage exposure or vegetative cover on carnivore production (Fig. 4) .
For all invertebrate taxa combined, log P MD was strongly correlated with log biomass (B) among sites (F [1, 14] = 100, p < 0.00001). Because of the method that we used to calculate production (Morin and Dumont 1994) , the specific rate of community production (P MD /B) could vary with the taxonomic composition of the fauna (chironomids have very high growth rates) or with the mean body mass of individuals. Note: Latin names are given in Table 4 . Only taxa contributing ≥5% of total production of each trophic group are shown. Other piscivores were muskellunge and walleye; other invertivores were smallmouth bass, johnny darter, logperch, rock bass, troutperch, banded killifish, spottail shiner, blacknose shiner, and silver redhorse; other algivores-detritivores were silver redhorse; other macroinvertebrate primary consumers were Trichoptera, Ephemeroptera, Lepidoptera, Sphaeriidae, Cladocera, and Nematoda.
a Percent of total daily production of trophic group. b These taxa are all primarily invertivorous but are nevertheless responsible for the majority of fish algivorydetritivory. Table 1 . Taxa dominating daily production (estimated from instantaneous growth rates, P IGR , or from the empirical relationships of Morin and Dumont (1994) , P MD ) of trophic groups at reference (mean of n = 9 for fish, n = 6 for invertebrates) and sewage-exposed (mean of n = 3) littoral sites in the St. Lawrence River.
ANCOVA revealed a significant interaction between sewage exposure and log B (F [1, 14] = 6.5, p = 0.023), but no main effect of sewage and, therefore, no effect of sewage on mean P MD /B. None of the taxon-specific log P versus log B relationships had slopes significantly different from unity ( Table 2 ). The mean value of P MD /B among all sites was 0.084.
A total of 19 404 fish were captured. Most species age classes were primarily invertivorous (Table 1) . White sucker and silver redhorse also consumed ≤10% detritus by volume. The four shiner species consumed invertebrates and about 30% filamentous algae by volume. Yellow perch and smallmouth bass were primarily invertivorous in younger age classes but had an increasing contribution of piscivory in older fish.
Similar patterns of fish production were obtained using the two estimation methods (correlation between P GIS and P IGR for all species at all sites: r 2 = 0.89, F [1, 159] = 1332, p < 0.00001). The daily estimate (P IGR ) is shown in Fig. 4 for comparison with daily production of invertebrates (note log scale). Invertivorous fish accounted for most daily fish production at reference sites, with similar contributions of Note: Daily production (P MD ) was estimated from the growth equations of Morin and Dumont (1994) . Table 2 . Intercepts (a) and slopes (b) of taxon-specific relationships between log production (P) and log biomass (B) among littoral sites in the St. Lawrence River. piscivorous and algivorous fish production making up the rest (Table 3) . Invertivorous fish also dominated daily production at sewage-exposed sites, but there was a greater contribution of piscivorous fish. Production based on primary consumption was proportionally less important and was primarily attributable to detritivores rather than algivores (Table 1). Total annual production of fish (P GIS ) was 4.85 ± 4.50 g WM·m -2 ·year -1 (range 0.25 to 13.6) at reference sites and 7.60 ± 1.46 g WM·m -2 ·year -1 (range 6.07 to 8.98) at sewage-exposed sites. The distribution of annual production among trophic groups was similar to that for daily production (Table 3) .
ANCOVA revealed an increase in piscivore production with sewage subsidy (log P GIS , F [1, 9] = 8.58, p = 0.017; log P IGR , F [1, 9] = 22.0, p = 0.0011) and a positive correlation of annual piscivore production with vegetative cover (log P GIS , F [1, 9] = 15.6, p = 0.0033). Daily estimates of invertivore production also tended to be highest at sewage-exposed sites (Fig. 4) , but this trend was not significant (log P IGR , ANCOVA F [1, 9] = 5.00, p = 0.05), and there was no main effect of vegetative cover using either production-estimation method. Annual estimates of algivorous-detritivorous production were similarly highest at sewage-exposed sites, but this trend was also nonsignificant (log P GIS , ANCOVA F [1,9] = 4.70, p = 0.058), and ANCOVA detected no main effect of vegetative cover using either production-estimation method. In no case was there a significant interaction between the independent variables.
ANCOVA revealed no effect of sewage exposure on the log P versus log B relationship for fish. For all fish species combined, log P was strongly correlated with log B among sites (F [1, 303] = 3670, p < 0.00001), although this relationship differed between methods (GIS and IGR) in both slope (F [1, 303] = 31.7, p < 0.00001) and intercept (F [1, 303] = 117, p < 0.00001). There was also a main effect of species (F [15, 303] = 5.0, p < 0.00001), but post-hoc multiple comparisons revealed that this was restricted to a difference between the three species with highest intercepts (alewife, rock bass, walleye) and the two with lowest intercepts (emerald and blacknose shiners). None of the species-specific log P versus log B relationships had slopes significantly different from unity (Table 4) . Annual P GIS /B ranged from 0.26 to 1.4 Note: Latin names are given in Table 4 . Table 3 . Contribution of trophic groups to daily fish production (estimated from instantaneous growth rates, P IGR ) and annual fish production (estimated from growth increment summation, P GIS ) at reference (Ref., mean of n = 9) and sewage-exposed (Sewage, mean of n = 3) littoral sites in the St. Lawrence River.
log P GIS (annual) log P IGR (daily) a Species observed at fewer than six sites were combined with similar species: basses are largemouth (Micropterus salmoides) and smallmouth bass (M. dolomieui); pikes are northern pike (Esox lucius) and muskellunge (E. masquinongy); suckers are white sucker (Catastomus commersoni) and silver redhorse (Moxostoma anisurum). Table 4 . Intercepts (a) and slopes (b) of taxon-specific relationships between log production (P) and log biomass (B) among littoral sites in the St. Lawrence River.
(mean 0.81), and daily P IGR /B ranged from 0.001 to 0.056 (mean 0.019).
Trophic dynamics
All trophic groups except macroinvertebrate carnivores had higher mean biomass densities, greater production, and consequently greater consumption at sewage-exposed sites than at reference sites ( Fig. 5 ; Table 5 ). On average (geometric mean of all trophic groups, estimation methods, and exposed sites; Fig. 5 ), secondary production was 5.0-fold greater at sewage-exposed than at reference sites. At reference sites, prey production exceeded (C Pred :P Prey = 0.54 for piscivores) or approximately met (C Pred :P Prey = 1.3 for invertivores) predator consumption, but at sewage-exposed sites, predator consumption exceeded prey production by a factor of 1.9 to 4.3.
Fluxes of sewage-derived resources
Estimates of the areal flux of sewage-derived resources into the benthic food web ranged from 2.4 to 19.0 g WM·m at 60% vegetative cover, depending on the trophic level used to make the estimate (Table 6 ). Averaged across trophic levels and scaled up to 1.2 km 2 of littoral zone in the 10-km reach downstream of the wastewater outfall, this represents a flux of 13.1 t (WM) of sewage-derived resources per day to macroinvertebrate primary consumers. At most (i.e., if enrichment of the food web is entirely via consumption of SDPOM), this flux can account for 4.7% of the daily discharge of SDPOM in summer. 5 . Ratio of secondary production at three sewage-exposed sites to that observed at reference sites of similar submerged vegetative cover. Secondary production estimates are for piscivorous fish (Pis), invertivorous fish (Inv), algivorous fish (Alg), macroinvertebrate carnivores (MC), and macroinvertebrate primary consumers (M1°). Fish production was estimated by instantaneous growth rate (IGR) and growth increment summation (GIS) methods, and invertebrate production was estimated from the equations of Morin and Dumont (1994) (MD) . Asterisks denote the significance (**, p < 0.05; *, p < 0.10) of the main effect of sewage exposure in analysis of covariance.
Reference sites Sewage-exposed sites for each predator's resource (C Pred = P Pred /CE). a Piscivores consume both invertivorous and algivorous-detritivorous fish; invertivorous fish consume both macroinvertebrate carnivores and primary consumers. Table 5 . Biomass density (B, wet mass), daily production (P), and daily consumption (C) of consumers at reference (geometric mean of n = 9 for fish, n = 6 for invertebrates) and sewage-exposed (geometric mean of n = 3) sites in the St. Lawrence River.
The mean C:N of all measured resources is 7 (by mass). Assuming that carbon represents 50% of dry mass and given a mean N:P of 13.6 by mass for freshwater autotrophs (Elser et al. 2000) , these resources contain approximately 7% nitrogen and 0.5% phosphorus. A primary consumption flux of 13.1 t·day -1 (WM) over our study reach thus represents an uptake of 13.1 kg of P and 184 kg of N per day. This flux accounts for only 1.1% of the total daily discharge of total phosphorus and 0.87% of the total daily discharge of total nitrogen in summer.
Spatial autocorrelation
Moran's I indicated a significant spatial autocorrelation in vegetative cover among all sites for the 20-to 30-km distance category only (I = 0.47, p = 0.007). There was no spatial autocorrelation at shorter or longer distances and no apparent downstream trend in vegetative cover (r 2 = 0.06, F [1, 10] = 0.60, p = 0.46). We found no significant spatial autocorrelation at any scale among reference sites in epiphyte or invertebrate stable isotope signatures, daily invertebrate production, annual fish production, or daily fish production, with the single exception of daily piscivore production in the 0-to 10-km distance category (I = 0.62, p = 0.005).
Discussion
Spatial extent and pathways of sewage enrichment
Stable isotope analysis enabled us to identify three sites that were consistently exposed to Montreal's sewage plume, where previous studies have had to rely on instantaneous measurements of exposure. δ 13 C is the isotopic ratio most commonly used in dietary studies, but we found stronger (almost 8‰) and more consistent effects of sewage exposure on δ 15 N of macroinvertebrate primary consumers (see also deBruyn and Rasmussen 2002). Also, δ 13 C showed wide variation among reference sites, whereas δ 15 N did not. This was partly due to differences in water chemistry among sites (the dissolved inorganic carbon (DIC) pool of Great Lakes water is about 10‰ enriched in 13 C over other large rivers like the Ottawa (Yang et al. 1996; Leggett et al. 1999 )) but may also reflect local flow regimes: low current can reduce photosynthetic discrimination against 13 C by permitting the formation of a CO 2 -depleted boundary layer at the surface of algal cells (Finlay et al. 1999 ). Algal δ 15 N is influenced by human population density (Cabana and Rasmussen 1996) but varies little with local flow regime (MacLeod and Barton 1998).
Stable isotope ratios of primary consumers at the reference sites indicated that the dominant taxa were feeding primarily on local epiphytic production throughout this reach. The inferred diet of these consumers was too heavy in both isotopes to include much POM from either water mass, but it was nearly identical to the measured isotopic signature of epiphytes. Epiphytes at our reference sites were, on average, 7.2‰ enriched in 13 C over the mean of Great Lakes and Ottawa River seston. Attached primary producers are typically enriched about 7‰ in 13 C over pelagic producers (Hecky and Hesslein 1995; Vander Zanden and Rasmussen 1999) .
We were unable to quantify the diet composition of primary consumers at the sewage-exposed sites because we could not physically separate SDPOM from autochthonous production in the epiphytic film (possibly because of residual coagulant in the effluent). It appears, however, that there was an important contribution of SDPOM to the observed increase in secondary production, especially at the relatively bare sites. The observed shift in δ 15 N of macroinvertebrate primary consumers was greatest at the least-vegetated site (15% VC), where epiphytic production is probably least. This suggests that the isotopic shift was primarily due to consumption of SDPOM, rather than a shift in the δ 15 N of epiphytic producers. The observed shift in δ 15 N of the entire epiphytic film at sewage-exposed sites was likely due to attached SDPOM. Macroinvertebrate primary consumers showed a much smaller shift in δ 15 N at the most vegetated site, despite a similar concentration of effluent, and thus similar levels of sewage-derived dissolved nitrogen, at all three exposed sites. This is consistent with a smaller relative contribution of the isotopically light SDPOM at a site with abundant epiphytic producers. The importance of SDPOM is also supported by the observation that algivorous minnows dominated fish primary consumers at reference sites, whereas detritivorous suckers dominated production at sewage-exposed sites.
Secondary production and sewage enrichment
Secondary production and P:B estimates at our reference sites were similar to values reported from other systems. Our estimates of total annual fish production at reference sites (0.25-13.6 g WM·m ; Edwards et al. 1989) . The lower estimates, from sites with low vegetative cover, are similar to values reported for lakes of similar nutrient concentrations (1.2 g WM·m -2 ·year -1 at 25 µg·L -1 total phosphorus (TP); Downing et al. 1990 ). Downing et al. (1990) also report a mean annual fish community P/B of 0.76, similar to our mean P GIS /B of 0.81.
Mean annual invertivorous fish production (P GIS ) at the reference sites was 3.7 g WM·m -2 ·year -1 ; assuming 10% conversion efficiency, this would require invertebrate production to be 37 g WM·m -2 ·year -1 . Back-calculating in a similar way from piscivorous fish production gives an inver- Note: Consumption was back-calculated from the observed increase in secondary production of three trophic groups relative to reference sites of similar submerged vegetative cover (SVC). Estimates are shown for production based on piscivory (fish), invertivory (fish and carnivorous macroinvertebrates), and primary consumption (algivorous-detritivorous fish and noncarnivorous macroinvertebrates). WM, wet mass. a Total flux over 10-km study reach, weighted by spatial distribution of vegetative cover; mean is 13.1 t·day -1 , equivalent to 4.7% of the total daily discharge of SDPOM. in a subtropical blackwater river (Benke et al. 1984 ) and 140 g WM·m -2 ·year -1 on the Orinoco floodplain (Lewis et al. 2001 ), assuming C is 10% of WM). Biomass densities of invertebrates >0.5 mm at our reference sites ranged from about 1 g·m -2 on bare sediment to about 6 g·m -2 in dense weedbeds. Annual P/B estimates were therefore on the order of 5 to 15, similar to the 5 to 10 range reported by Benke et al. (1984) for univoltine insects and the mean annual P/B of 5.3 for 164 populations of lake invertebrates (Plante and Downing 1989) .
Secondary production at the sewage-exposed sites was high relative to the mean at our reference sites and values reported for other unpolluted systems but not unreasonable given the high nutrient and SDPOM content of this sewage effluent. Our observation of a mean 5-fold increase in production with sewage exposure is only slightly higher than values reported in previous studies. Benthic invertebrate densities were 2-to 4-fold higher in a sewage-exposed reach of a Michigan stream (Ellis and Gowing 1957) , and experimental additions of grain or soybean have produced 1.5-to 2.9-fold increases in total invertebrate biomass in midsized rivers (Mundie et al. 1983; Johnston et al. 1990 ). These studies only reported increases in standing stock of invertebrates; if growth rates also increase, the enhancement of secondary production may be much higher. King and Ball (1967) reported higher densities and faster growth of primary consumers downstream of a sewage outfall and could attribute less than 10% of secondary production to autochthonous production.
In fact, the methods that we used to estimate secondary production may have led us to underestimate the increase in production with sewage exposure. Our estimate of the specific rate of macroinvertebrate production (P MD /B) could vary only with the taxonomic composition of the fauna (chironomids have very high growth rates) or with the mean body mass of individuals. We saw higher proportions of chironomids and higher biomass densities at sewage-exposed sites, but chironomids at sewage-exposed sites (mean of all sampled individuals = 0.32 mg WM) were actually larger than those at reference sites (0.20 mg WM), and thus the method used here would assign them lower specific growth rates. The methods that we used to estimate fish production were also poorly suited to detecting differences in growth rates. Previous work has reported increases in gut fullness, condition (Ellis and Gowing 1957) , and growth rate (Katz and Howard 1955; Eggers et al. 1978; Johnston et al. 1990 ) of fishes in sewage-exposed streams. Unfortunately, we had to pool all 12 sites to estimate instantaneous growth rates (IGR), and this had the effect of averaging growth across sites. Thus, P IGR only reflected differences among sites in total biomass and the distribution of that biomass among age classes. Growth increment summation (GIS) would only reveal differences in growth rate among sites if individuals returned to the same site each year. Otherwise, P GIS would tend to underestimate any site-specific increase in growth rate, as overall faster growth would tend to reduce the observed increment between older (slower-growing) and younger (faster-growing) age classes. We found no effect of sewage exposure on the P/B relationship for any species using either production estimate. Either fish growth rates are independent of basal productivity or these species do not display interannual site fidelity. The observation that older piscivores (the biomass of which was mostly accrued in previous years) showed no shift in δ 15 N at sewage-exposed sites tends to support the latter explanation.
It is also important to note that back calculations based on carnivorous trophic levels provide a minimum estimate of basal resource flux. In fact, this calculation estimates basal resource consumption as long as the fraction of invertebrate production that escapes predation is small (Strayer and Likens 1986 ). In addition, this calculation assumes a constant ratio of fish production to invertebrate production. The production ratio P fish :P invertebrates could vary because invertebrates in more densely vegetated sites may have more abundant resources and a greater fraction may escape predation. The observed relationship between invertebrate production and vegetative cover was positive despite this confounding factor, so ultimately this potential bias only strengthens our conclusions.
Trophic dynamics of sewage enrichment
We observed the greatest proportional increases in secondary production for piscivorous fish, and the ratio of daily piscivore consumption to prey fish production consequently increased from 0.54 at reference sites to 4.3 at sewageexposed sites. This is not unreasonable, considering that this system is open and certainly not at steady state; piscivores may be depleting prey fish biomass or prey fish may be continually immigrating over the course of the summer. It is also possible that we have overestimated piscivore consumption (e.g., by underestimating conversion efficiency), but this would not explain the difference between reference and sewageexposed sites. It is more likely that we underestimated prey fish production at the sewage-exposed sites (as discussed above).
The ratio of daily invertivore consumption to macroinvertebrate production also increased, from 1.3 at reference sites to 1.9 at sewage-exposed sites. Again, we likely underestimated macroinvertebrate production at the sewageexposed sites, both for the methodological reasons discussed above and because we only sampled invertebrates >0.5 mm. Predator consumption at both reference and sewage-exposed sites may have included some prey smaller than this.
Vegetative cover and sewage enrichment
We found higher production of almost all trophic groups at the more-vegetated reference sites, irrespective of location along the river (i.e., no spatial autocorrelation). The apparent spatial autocorrelation in daily piscivore production may have been driven by the fact that the most densely vegetated sites, with highest piscivore production, were all in the relatively dense cluster of islands near Montreal. Macrophytes provide abundant surface area for attached algae and heterotrophic bacteria and increase the residence time of dissolved nutrients (i.e., produce "tight spirals" sensu Webster 1975) . As well, these habitats support abundant grazers and their predators (Thorp and Delong 1994) , so production can be effectively transferred to higher trophic levels. Macrophytes in littoral areas also enhance particle trapping (Vermaat et al. 2000) , increasing nutrient concentrations in the sediment (Chambers and Prepas 1994) .
It is striking, however, that we observed the reverse trend at sewage-exposed sites: production of some trophic groups decreased with vegetative cover, and the increase in production with sewage exposure was always least at the mostvegetated sites. This may reflect a shift across the gradient of vegetative cover in the relative availability of SDPOM and dissolved nutrients to biota. δ 15 N evidence (discussed above) suggests that primary consumer production is based more heavily on SDPOM at the relatively bare sites. A greater effect of sewage exposure at bare sites therefore suggests that SDPOM represents a greater potential resource than sewage-derived nutrients. The concentration of SDPOM in the sewage effluent is about 15 times greater than that of seston in the upstream water, and the concentrations of total and dissolved nutrients are 20 times greater. At 3% effluent, then, concentrations of these resources are only elevated by 30-40% over background. A 5-fold increase in POM or nutrient concentrations (commensurate with a 5-fold increase in secondary production) would require 20-30% effluent, concentrations that we never observed even directly below the outfall. For 3% effluent to produce a 5-fold increase in suspended resource concentrations, the secondary production per unit SDPOM would have to be 10 times that for seston. Sewage-derived POM is certainly more labile than seston in the St. Lawrence (deBruyn and Rasmussen 2002) . It is also possible that residual coagulant in the effluent enhances retention and makes SDPOM more available than upstream seston to benthic biota.
It is not surprising that sewage represents a resource subsidy to the food web of this river, but the magnitude of this subsidy is impressive. We observed a 5-fold increase in secondary production in our study reach and estimate that this was supported by only one or a few percent of the daily discharge of sewage nutrients and SDPOM. Previous work on sewage in rivers has tended to focus on nuisance blooms of algae or on systems so heavily enriched that hypoxia is a dominant environmental factor. The St. Lawrence River is able to accommodate Montreal's enormous discharge of SDPOM and dissolved nutrients, however, because it is protected from the negative effects of sewage exposure by hydrodynamic forces (rapid flushing, strong vertical mixing). In large river systems like this, which receive the majority of the world's sewage discharges, the importance of sewage as a resource may be substantial.
